Abstract. Steroidogenic acute regulatory protein (StAR) regulates the rate-determining step of steroidogenesis. StAR is expressed at a very low level in the white matter of the normal human brain, but is highly expressed in several brain neoplasms including oligodendroglioma (OD). The aim of this study was to identify the different patterns of gene expression low-grade OD and high-grade OD. We carried out gene expression profiling and analyzed the data. In addition, real-time PCR using StAR primer and immunofluorescent study for StAR were performed. There was a difference in genetic expression between low-and high-grade ODs. An elevated expression of several genes involved in lipid and steroid synthesis, compared with normal white matter, was observed. The expression of such genes showed a tendency either of decreasing or mildly increasing, in high-grade ODs, compared with low-grade ODs. Real-time PCR showed that expression of StAR was relatively low in high-grade ODs, in comparison with low-grade ODs. The pattern of expression between low-and high-grade ODs can differ. This study suggests that the mechanism of neurosteroids synthesis through StAR can be related to the growth of ODs.
Introduction
Oligodendroglial tumor (OD) is an uncommon neoplasm that constitutes 2-7% of primary brain tumors. In general, the treatment of OD consists of maximum feasible surgery, followed by radiotherapy. However, recurrence and progression to malignancy are major problems in the treatment of this tumor (1) .
The cytogenesis of OD remains a debatable issue, because evidence supporting the oligodendrocyte as the 'cell of origin' of OD is inconsistent. Nonetheless, many researchers agree that investigation of oligodendrocytes is indispensable to understanding OD cells, because the latter are believed to have strong histochemical connection to the former. Oligodendrocytes are the myelinating cells of the central nervous system, ensheathing axons with a specialized, multilayered, membranous wrapping that facilitates saltatory neuronal conduction (2) . Previously, it was proven that oligodendrocytes derived from human brain have peripheral-type benzodiazepine receptor and can produce neurosteroids such as pregnenolone (3) . Many steroidogenic enzymes, which are identical to those in the adrenal glands, have been found in the human brain (4) . The human brain is just as much a steroidogenic organ as are the endocrine glands. Therefore, it is suggested that oligodendrocytes play an important role in neurosteroidogenesis in the human brain.
Steroidogenic acute regulatory protein (StAR), P450 sidechain cleavage enzyme (P450scc) and 3 ß-hydroxysteroid dehydrogenase enzyme (3ß-HSD) enzymes are involved in the transport of cholesterol and the production of progesterone, where P450scc converts cholesterol into pregnenolone, which is further transformed into progesterone by 3ß-HSD (5) . P450scc has been detected in the white matter throughout the brain of rats and humans (6, 7) .
Meanwhile, to investigate the molecular characteristics of the tumors, several researchers have suggested the efficacy of gene expression array in ODs (8) (9) (10) (11) . They revealed that several genes related to nucleic acid metabolism, cell proliferation, transcription and translation, migration, and signal transduction, etcetera, were more up-regulated as the OD grade increased. Decreased expression in the immunological response of the host, normal development, neurotransmission and in other measures was observed in the genes. In addition, hierarchical clustering and gene profiling were well correlated with the tumor grade and prognosis. However, there have been no studies revealing the relation of neurosteroidogenesis and ODs. Therefore, we performed this study focusing on neurosteroid-related genes to identify the global pattern of gene expression and to determine whether expression of the genes related to steroidogenesis could make a difference between ODs and the normal brain.
Materials and methods
Patients and tissue specimens. We evaluated specimens from 10 cases each of low-grade OD and high-grade OD (Table I ). All of these archival specimens were retrieved from the tumor database at the Department of Neurosurgery, Seoul National University Hospital. The patient's ages ranged from 26 months to 68 years (median 37 years). Ethical approval was obtained in accordance with the Institutional Review Board of Seoul National University College of Medicine and Seoul National University Hospital (SNUMC/SNUH IRB: R-0603-256-172). Two pathologists performed careful review of the pathological slides and mixed glial tumors such as oligoastrocytomas could be ruled out.
Pathological grades were determined and reviewed according to the criteria of the World Health Organization. Freshly frozen specimens were available for real-time PCR analysis in 20 cases. Specimens for RNA isolation were immediately frozen in liquid nitrogen and stored at -70˚C. We obtained human brain tissue from a patient with medial temporal lobe epilepsy after informed consent had been received. Gray matter and white matter were divided after anterior temporal lobectomy in the operative room.
Gene expression microarray in ODs and normal white matter.
Three tumor samples each of low-grade and high-grade ODs were investigated (LOD-3, -6, -10 and HOD-5, -9, -10). One sample of normal white matter was used as a control. For experimental validity, technical replication of the normal control (Nl-1 and Nl-2) was performed. A commercial kit of Applied Biosystem genome chip (Macrogen, Seoul, Korea) containing 31,700 targets including 27,868 genes was used. Total RNA was prepared from tissues using Invitrogen Life Technologies' TRIzol reagent (Life Technologies, Gaithersburg, MD). Thereafter, samples of sufficient quality and quantity of RNA were further analyzed. Two μg of total RNA was used to generate double-strand cDNA according to the manufacturer's protocol. Digoxigenin-labeled antisense cRNA was synthesized by in vitro transcription using Applied Biosystems Chemiluminescent RT-IVT Labeling kit (Macrogen). Ten μg of cRNA was chemically fragmented and then hybridized to the genome chip arrays. These arrays were detected and analyzed using Applied Biosystems Chemiluminescence Detection kit and 1700 Chemiluminescent Microarray Analyzer (Macrogen). The quality, yield and size distribution of total RNA, labeled transcripts and fragmented cRNA were estimated using this analyzer.
We then carried out a hierarchical cluster analysis based on the differentially expressed genes in at least one comparison between high-grade OD vs. low-grade OD, or high-grade OD vs. normal white matter, or low-grade OD vs. normal white matter (a >2-fold difference). Among them, overexpressed genes with a >+2-fold difference, in comparison of both high-grade ODs vs. normal white matter and low-grade ODs vs. normal white matter, were selected and functionally classified using the PANTHER classification system (http://www.pantherdb.org). The 20 most highly expressed genes compared with normal white matter in low-grade OD and in high-grade OD, in each case, were investigated. Avadis Prophetic version.3.3 (Strand Genomics, Bangalore, India) was used in a statistical analysis.
Reverse transcription-PCR (RT-PCR) and real-time PCR.
Total RNA was extracted by TRIzol (Sigma, St. Louis, MO) following the manufacturer's protocol. The first cDNA strand was synthesized using 1 μg total RNA. Real-time PCR was carried out to detect PCR products, using the Light Cycler System (Roche, Mannheim, Germany) and the DNAbinding dye Syber-Green I (Roche). The PCR was set up using 100 pmol/l of each primer for StAR, P450scc and 3ß-HSD. The conditions were as following: for StAR (251 bp), 40 cycles; annealing temperature 57˚C; forward primer 5'-GGAAGCCTGCAAGTCTAAGATCTC-3' and reverse primer 5'-TCTGGTGACAGTGGGATGGGTGGG-3', for P450scc (182 bp), 40 cycles; annealing temperature 50˚C; forward primer 5'-GCTCAGCAAAGACAAGAACA-3' and reverse primer 5'-GAATGAGGTTGAATGTGG TG-3', for 3ß-HSD (181 bp), 35 cycles; annealing temperature 54˚C; forward primer 5'-ATCCACACCGCCTGTATCAT-3' and reverse primer 5'-TCTGGATGATTTCCTTGTAGGAG-3', for GAPDH (343 bp), 25 cycles; annealing temperature 60˚C; forward primer 5'-TGAACGGGAAGCTCACTGG-3' and reverse primer 5'-TCCACCACCCTGTTGCTGTA-3'.
The fluorescence intensity of the double-strand-specific Syber-Green I, which reflects the amount of the specific PCR products formed for GAPDH, was read by Light Cycler at 88˚C at the end of each extension process. After PCR, the products were resolved on a 2% agarose ethidium bromide gel. Images were captured with Polaroid film under UV light. The CT (cycle threshold)-value was the cycle number at which the fluorescence generated within a reaction crossed the threshold within the linear phase of the amplification profile. The amplification plots and CT-values were exported from the exponential phase of PCR directly onto a Microsoft Excel worksheet for further analysis. The mRNA transcript level was normalized against GAPDH at each sample. The standard curve was the normalized mRNA transcript level plotted against the log-value of the input cDNA concentration at each sample. To compare GAPDH and StAR, relative quantification was performed. The comparative CT method was used. Briefly, this comparative CT method involved averaging triplicate samples taken as the CT-values for StAR and GAPDH. The ΔCT-value was obtained by subtracting the average GAPDH CT-value from the average CT-value of StAR. The average ΔCT of one control subject (LOD-1) was used as the calibrator. The fold change was calculated according to the formula 2-(ΔΔCT), where ΔΔCT was the difference between ΔCT and the ΔCT calibrator value.
In situ detection of StAR protein by immunofluorescent study.
To confirm StAR protein in human brain tissue, we performed immunofluorescent staining on normal and OD samples. Each sample was washed once with PBS and immersed in 4% formaldehyde. The fixed tissue was washed with PBS and immersed in 1% Triton X-100 in PBS for 10 min. After washing with PBS, each cover slip was blocked with 3% BSA in PBS for 10 min and then incubated for 1 h with a 1:250 dilution of anti-StAR antibody (rabbit anti-human polyclonal antibody (Santa Cruz Biotechnologies, Santa Cruz, CA). Each cover slip was then washed three times with 1% BSA and incubated for 1 h with a 1:250 dilution of a secondary antibody (horseradish peroxidase-conjugated donkey antirabbit antibody (Amersham Pharmacia Biotech, Amersham, UK). Thereafter, counterstaining of the nucleus was performed using 0.001% of DAPI in PBS. The tissue was then examined by fluorescence microscopy.
Statistical analysis. The software SPSS (version 11.0, SPSS Inc., Chicago, IL) was used. Quantitative PCR data between two groups were compared using a Mann-Whitney test. Nonparametric correlation using Kendall's tau-b was applied to investigate the correlation of RT-PCR data. A p-value of <0.05 was deemed statistically significant.
Results
Gene expression microarray. Hierarchical clustering for the differentially expressed 6800 genes of >2-fold difference in at least one comparison of high-grade ODs vs. low-grade ODs, or high-grade ODs vs. normal white matter, or low-grade ODs vs. normal white matter is demonstrated in Fig. 1 .
Clustering by similarity of expression profiles revealed that the samples were inclined to aggregate in clusters such as low-grade OD and normal white matter vs. high-grade OD, with some exceptions (LOD-3 and HOD-5) (Fig. 1 ).
The top 20 among the 714 overexpressed genes of >+2-fold difference, in comparing low-grade ODs and high-grade ODs with normal white matter, respectively, are shown in Tables II  and III . The functional characteristics of overexpressed genes in low-grade OD were shown to be the following: related to developmental process (BMP2, LMNA, DLL3, HES6, IRX3, AMH, ASCL1 and DLL1), metabolism of amino acid (MTHFD2), lipid and steroid (LCAT), nucleic acid (MYT1, HIST1H1E, LIMD1), blood circulatory homeostasis (NPPA), synaptic transmission (GRIA4), protein modification such as proteolysis or cell communication (TIMP4, CPXM and DDR1) and immunity (C1QTNF5). Most of the above genes revealed that expression was relatively decreased or similar in high-grade ODs compared with in low-grade ODs.
In high-grade OD, the overexpressed genes were related to the cell cycle (CDC2, KIFC1, CCND1 and TPX2), nucleic acid metabolism such as DNA or mRNA synthesis (TOP2A, MXD3 and SF3B4), DNA repair (APEX2), cell structure and motility (KIF14, KIF4A and DBNL) and phosphorylation of protein (MELK and PBK). In contrast to low-grade ODs, as the grade of the tumor increased, the changes became exaggerated.
Even though most of the genes related to steroidogenesis were not included in the high-rank list, we investigated this expression in ODs (Table IV) . The expression of LCAT, DGKB, CYP4V2, AKR1C3, PLTP, ABCA1, STARD10 and PCTP showed a decreasing or mildly increasing tendency in high-grade ODs compared with low-grade ODs, similarly to the genes in Table II. Table I . 1p/19q deletion in 10 low-grade and 10 high-grade oligodendrogliomas. 
a HOD, high-grade oligodendroglioma; LOD, low-grade olidodendroglioma.
b +, Deletion was observed; -, deletion was not observed and ND, not done.
The data of genes with markedly decreased expression in high-grade and low-grade ODs relative to normal white matter are not shown.
Expression of StAR, P450scc and 3ß-HSD.
The presence of mRNA for StAR, P450scc and 3ß-HSD in tumor tissue was determined by RT-PCR. StAR and P450scc each were Table II . The 20 most highly expressed genes in low-grade oligodendrogliomas compared with normal white matter. 
a H, high-grade OD; L, low-grade OD and N, normal white matter. expressed in all low-grade ODs, with one exception: StAR mRNA was not expressed in LOD-4 and P450scc mRNA was not detected in LOD-8. 3ß-HSD was not expressed in any case ( Fig. 2A) . Similarly, in high-grade ODs, StAR was expressed in all the cases and P450scc was expressed in all of the cases except HOD-3. 3ß-HSD, again, was not expressed in any of the cases (Fig. 2B) .
Real-time PCR for StAR.
This study was a semi-quantitative method in that LOD-1 was used as a calibrator to determine the relative CT-value or fold changes. The present results revealed that CT-values are higher in high-grade OD cases for StAR, suggesting that StAR mRNA expression is relatively down-regulated in high-grade OD, compared with low-grade OD (p=0.023). Table V, Fig. 2C and D show the CT values for GAPDH and StAR with the fold changes.
Immunofluorescent staining for StAR protein.
In the normal brain, no cell possessing a StAR-positive signal was observed except in a few endothelial cells. In a high-grade OD (HOD-5), few tumor cells are StAR-positive. However, in low-grade ODs (LOD-3 and 8), the StAR-positive signal was much stronger and more abundant than in the normal brain or the high-grade ODs (Fig. 3) . Table III . The 20 most highly expressed genes in high-grade oligodendrogliomas compared with normal white matter. 
-----------------------------------------------------------------------------------------------------
Gene GenBank Gene name Function Fold (L/N) a Fold (H/N) a
Fold (H/L) a -----------------------------------------------------------------------------------------------------

splicing) -----------------------------------------------------------------------------------------------------
a H, high-grade OD; L, low-grade OD and N, normal white matter. Table IV . Highly expressed genes of >2-fold difference related to steroidogenesis. 
-----------------------------------------------------------------------------------------------------
a H, high-grade OD; L, low-grade OD and N, normal white matter. Table V . Cycle-threshold (CT) values and mRNA fold changes of StAR in oligodendrogliomas. ----------------------------------------------------------------------------------------------------- 
Discussion
Gene expression profiling in ODs. In our series, although the number of samples was small, they showed a tendency to cluster with a group of low-grade OD and normal white matter and with another group of high-grade OD. LOD-3 and HOD-5 showed somewhat different clustering patterns from those of the other samples and thus we carefully reviewed their pathological slides. In the case of HOD-5, a heterogeneous appearance showing the characteristics of both low-and high-grade ODs was observed. Such a different pattern might be due to the heterogeneity. Nonetheless, LOD-3 was a usual low-grade OD, pathologically.
Similar to the findings of other studies, the genes involved in cell cycle, DNA replication, migration (cell structure and motility), protein modification including phosphorylation and signal transduction became up-regulated as the grade increased. However, in low-grade ODs, the functional characteristics of highly overexpressed genes differed. The following process was involved: normal development of neuron, bone, mesoderm and cytoskeleton; metabolism including amino acid, steroid, synapsis, and circulation; regulation of mRNA transcription and remodeling of chromatin; cell-to-cell communication; immunity. Remarkably, expression of the above genes was relatively decreased or similar in high-grade ODs. Thus, through these data, we established that there was a difference in genetic expression between low-and high-grade ODs.
The most important finding was that many genes involved in lipid or steroid metabolism, including LCAT, DGKB, CYP4V2, AKR1C3, PLTP, ABCA1, STARD10, and PCTP, were highly expressed in ODs compared with normal white matter. No study of gene expression microarray focusing on genes of steroid synthesis, that is, no study similar to ours, can be found in the literature. Most notably, the present study revealed that expression of genes related to steroid synthesis was more elevated in low-grade ODs than in the normal brain. Nonetheless, expression of the same genes tended to be rather diminished or similar in high-grade ODs compared with low-grade ODs.
Among the highly expressed genes in low-grade OD (Table II) , BMP2 (12), DLL3 (13), HES6, ASCL1 (14) , TIMP4 (15) and DDR1 (16) might be considered possible targets in the growth control of OD, because several studies have suggested that overexpression of these genes can accelerate growth or proliferation of several brain tumors including gliomas. Nonetheless, there is as yet no study revealing genetic expression in ODs or its exaggeration in low-grade ODs. StAR and neurosteroids in ODs. Under normal conditions, neurosteroids are associated with a range of physiological actions including neurotransmission via specific receptors. They are involved in neural growth, differentiation and plasticity. Neurosteroids are synthesized in specialized regions of the brain and multiple factors are related. Transportation of cholesterol from the cytoplasm into the mitochondrial inner membrane must precede steroidogenesis. StAR protein is essential for an initial and rate-limiting step in steroid biosynthesis and transfer of cholesterol to the inner mitochondrial membrane. StAR is related to physiological and pathological conditions as a crucial protein in neurosteroidogenesis (17) (18) (19) .
Steroid receptors are present in human brain tumors and neurosteroidogenesis also occurs de novo (20) . Intratumoral production and/or metabolism of biologically active steroid hormones have been considered to play important roles in the development and biological behavior of brain tumors. In addition, cholesterol is necessary for proliferation of glioma cells (18) . Dexamethasone, a glucocorticoid agonist, stimulates the proliferation of human glioma cells, whereas RU38486, a steroid hormone antagonist, inhibits the growth of a human malignant glioma cell line (21, 22) . These results suggest that steroid hormones influence the proliferation of brain tumors via specific receptors. Even if steroid hormones are supplied through microvessels surrounding the tumor, it is possible that de novo steroidogenesis locally supplies steroid hormones for proliferative tumoral tissue. In fact, the metabolism of steroid hormones in human astrocytoma has been partially revealed (23) . Besides, there are a few studies that the percentage expressing progesterone receptor is higher in high-grade astrocytomas than in low-grade tumors (20, 24) . In addition, Kim et al (17, 25) previously demonstrated several important results. First, StAR mRNA expression is considerably low in normal white matter, compared with in normal gray matter. Second, StAR-immunoreactivity is much stronger and more abundant in glial tumors including OD than in normal white matter. Third, StAR-positive cells are GFAP-positive tumor cells in gliomas, whereas they are neurons or glial cells in normal gray matter, according to immunohistochemical studies. Fourth, StAR expression is greater in glioblastomas than in anaplastic astrocytomas. All of these findings suggest that the increase of StAR mRNA might be correlated with tumor progression and intratumoral steroidogenesis in malignant astrocytoma and that the StAR pathway might be a juxtacrine/autocrine loop involving proliferation or progression in OD as well as other glial tumors. Immunohistochemistry for StAR and P450scc revealed the expression of the two proteins in multiple brain regions, including the cerebellum, pons, cerebral cortex and hypothalamus. In addition, they were confirmed to co-localize in the mitochondria of the some cortex, hippocampus and cerebellum (26) . Furthermore, StARpositive cells were also detected in gliomas as well as in the normal brain and their frequency and density were higher in glioma tissue (17) .
Even if several studies have confirmed the existence of StAR and/or P450scc in various cortical areas of the brain, there are few studies focusing on the relation of glioma and StAR expression. Initially, we expected more elevated expression of StAR in high-grade ODs than in low-grade ODs.
However, we obtained previously described data showing a more up-regulated real-time PCR of StAR in low-grade ODs. In addition, through the gene expression array, we could derive a different hypothesis from those of other studies that had suggested the relation of StAR expression to tumor grade. Our results reveal that the neurosteroidogenic mechanism based on StAR can have different effects on low-grade OD and high-grade OD: as the grade of OD increases, the juxtacrine/autocrine proliferative effect of StAR decreases.
In the present study, StAR was detected in brain tumors of white matter origin such as ODs. It is interesting that white matter-originated gliomas show strong StAR signals, because there is only a small amount in normal white matter. In addition, considering the above results of gene expression array and real-time PCR, this gene might serve as a promising reference in understanding the molecular characteristics of low-and high-grade OD. The authors assume that in OD, as the grade is higher, the 'escape' mechanism over the StAR pathway in tumor growth is more distinct. The hypothesis is that the cell-proliferative or preserving effect by the StARrelated system is more important in low-grade OD than in the high-grade type, because the system of de novo steroidogenesis in low-grade OD is nearly intact, as in normal oligodendrocytes. In addition, in situ detection of StAR protein by immunofluorescent study showed more abundant staining in low-grade ODs than in high-grade ODs. These findings could provide supplementary evidence of the above hypothesis. However, further study is mandatory, because our study has many limitations: First, StAR expression in normal oligodendrocytes was not performed; second, study for glioblastoma, a more malignant tumor than high-grade OD, is required; third, extensive studies over more stable cell lines or more tissues are necessary.
In conclusion, the pattern of expression between low-and high-grade ODs can differ. This study suggests that the mechanism of neurosteroids synthesis through StAR can be related to the growth of ODs.
